The development of neutralizing antibodies (NAbs) is a major problem in multiple sclerosis (MS) patients treated with interferon-beta (IFN-). Whereas binding antibodies (BAbs) can be demonstrated in the vast majority of patients, only a smaller proportion of patients develop NAbs. The principle in NAb in vitro assays is the utilization of cultured cell lines that are responsive to IFN-. The cytopathic effect (CPE) assay measures the capacity of NAbs to neutralize IFN-'s protective effect on cells challenged with virus and the MxA induction assay measures the ability of NAbs to reduce the IFN--induced expression of MxA, either at the mRNA or the protein level. A titer of !20 neutralizing units/ml traditionally defines NAb positivity. NAbs in high titers completely abrogate the in vivo response to IFN-, whereas the effect of low and intermediate titers is unpredictable. As clinically important NAbs appear only after 9-18 months IFN-therapy, short-term studies of two years or less are unsuitable for evaluation of clinical NAb effects. All long-term trials of three years or more concordantly show evidence of a detrimental effect of NAbs on relapses, disease activity on MRI, or on disease progression. Persistent high titers of NAbs indicate an abrogation of the biological response and, hence, absence of therapeutic efficacy, and this observation should lead to a change of therapy. As low and medium titers are ambiguous treatment decisions in patients with low NAb titres should be guided by determination of in vivo mRNA MxA induction and clinical disease activity.
Introduction
Interferon-beta (IFN-) preparations are, like other protein-based biopharmaceuticals produced by recombinant gene technologies, potentially immunogenic. Antibodies against IFNdevelop as result of breakdown of the immune tolerance associated with presentation of the self-antigen in a repetitive way [Schellekens, 2002] . Antibodies to IFN-can weaken or abrogate the cellular response to IFN-and neutralize the therapeutic effect of IFN-; consequently these antibodies are named neutralizing antibodies (NAbs) [Sorensen et al. 2003; Ross et al. 2000 ].
The detrimental effects of NAbs on the clinical response to IFN-in multiple sclerosis (MS) patients have been recognized even from the first pivotal study of IFN--1b [Duquette et al. 1993] , and it might therefore be hard to understand the long-lasting controversies about whether NAbs do neutralize the effect of IFNin MS.
Today, consensus has been reached about the existence of NAbs and their ability to reduce the bioavailability of IFN- [Fox et al. 2007; Namaka et al. 2006; Sorensen et al. 2005a ]. However, it is still debated when measurements of NAbs should be performed in daily practice, how the results of NAb testing should be interpreted, and how NAb-positive patients should be managed [Fox et al. 2007; Noronha, 2007; Oger and Gibbs, 2006; Giovannoni and Goodman, 2005; Sorensen et al. 2005a] .
The difference in opinion is mainly a transatlantic disagreement based on the availability of NAb testing and the experience of dealing with NAb-positive patients. Whereas measurements of NAbs and use of NAb measurement results for several years have been a part of daily clinical practice in many European MS clinics, this has with a few exceptions not been the case in North America.
The disparity in opinions is reflected by the differences between the European Guidelines on use of anti-IFN-antibody measurements in multiple sclerosis, produced by an European Federation of Neurological Societies Task Force [Sorensen et al. 2005a] , and the American Academy of Neurology report on NAbs to IFNand assessment of their clinical and radiographic impact, produced by a working group under the Therapeutics and Technology Assessment Subcommittee of the American Academy of Neurology [Goodin et al. 2007a ]. In the working group established by the subcommittee of the American Academy of Neurology, no consensus could be reached and the two European members of the task force were unable to sign the final edition of the report and had to leave the working group and produce a letter of dissent [Sorensen and Bertolotto, 2007] .
The European guidelines recommended: (1) that tests for the presence of NAbs should be performed during the first 24 months of therapy (Level A), (2) that measurements should be repeated in patient with NAbs, and (3) that therapy with IFN-should be discontinued in patients with high titers of NAbs sustained at repeated measurements with 3-6 months intervals (Level A) [Sorensen et al. 2005a ].
The North American report concluded: (1) that treatment of MS patients with IFN-is associated with the production of NAbs (Level A), (2) that it is very probable that the presence of NAbs is associated with a reduction in the radiographic and, to a lesser extent, the clinical effectiveness of IFN-treatment (Level B), and (3) that although the finding of sustained high-titer NAbs (4100 neutralizing units (Nu)/ml) is associated with a reduction in the therapeutic effects of IFN-on clinical and radiographic measures of MS disease activity, there is insufficient information on the utilization of NAb testing to provide specific recommendations regarding when to test, which test to use, how many tests are necessary, or which cut-off titer to apply (Level U) [Goodin et al. 2007a ].
Although the conclusions seem divergeant, the premises on which the conclusions rest are not very different. One reason for the different levels of recommendation is that the Therapeutics and Technology Assessment Subcommittee of the American Academy of Neurology applied definitions from randomized therapeutic trials on NAb studies and, as it is not possible to randomize for NAb status, a level A recommendation is not achievable for NAb studies as such studies will never be classified as class I evidence independently of the quality and results of the study. Further, the lack of acquaintance with the use of NAbs in the management of patients treated with IFN-may explain the rather vague North American recommendations on the use of NAb measurements. It is a fact that whereas European neurologists have ready access to NAb testing this is not the case in most places in the United States.
The present paper reviews our current knowledge of NAbs and takes into consideration new information that fills the gap of uncertainty about the clinical consequences of NAbs and the importance of incorporating NAb measurements in IFN--treated MS patients in daily practice.
IFN-b immunogenicity
The reason for the immunogenecity of IFN-is not known in full detail. It is well recognized that biopharmaceuticals that are recombinant human homologs, like IFN-, growth factors and hormones, have immunogenetic potentials, even though they may well have the same amino acid sequence as the human molecule [Schellekens, 2002] . Unlike the classic reaction to foreign proteins that produces an immune response after a single administration, antibodies against IFN-are caused by a breakdown of the immune tolerance to self-antigens that normally exist. The self-antigen has to be presented to the immune system in a repetitive way during several months before the immune tolerance is broken [Schellekens, 2002] .
There are several factors that determine whether administration of a recombinant human molecule like IFN-to a MS patient causes development of NAbs. Some important factors are patient-linked. For example, the propensity to suffer a breakdown of the immune tolerance is genetically determined. Differences in the immune system of patients may also play a role and MS patients with an active immune system may be more prone to produce antibodies than for example cancer patients with an impaired immune system. Other factors are harbored in the IFN-product. Impurity and contamination originating from bacterial or mammalian cells used in the production are main causes of immunogenicity [Schellekens, 2003] . The structure of the protein made by nonmammalian cells may differ from the human molecule and reveal foreign epitopes. Also lack of glycosylation or differences in the glycoproteins can make the molecule differ from human IFN-and expose normally hidden epitopes or make the molecule less soluble. Of the three commercially available IFN-preparations IFN--1b is produced in an E. coli cell line. The amino acid sequence differs from the human IFN-by having cysteine at position 17 substituted by serine and the N-terminal methionine being deleted so that the final protein has only 165 amino acids. Further, IFN--1b is not glycosylated because bacteria are unable to attach sugar molecules. IFN--1a, that is administered either subcutaneously (s.c.) or intramuscularly (i.m.), has the full 166 amino acid sequence of the human IFN-. Because it is genetically engineered in a Chinese hamster ovary cell line the molecule is glycosylated, but not necessarily with the same pattern as human IFN-. Also the presence of aggregates in the product is associated with induction of antibodies. Use of foetal bovine serum in the production, addition of human albumin to the product, and properties of the container in which the product is stored may contribute to the formation of aggregates [Runkel et al. 1998 ]. The protein load in the single injection seems to play a role for breakdown of tolerance. As the relative potency in vivo of IFN--1b is only about 10% of that of IFN--1a, IFN--1b is administered in approximately ten times higher doses to achieve an equivalent in vivo activity. NAbs develop faster with IFN--1b compared to IFN--1a, but, interestingly, NAbs also disappear faster during continuous therapy with IFN--1b [Sorensen et al. 2005b; Ross et al. 2000; Rice et al. 1999] . Additionally, i.m. administration is less immunogenic than s.c. injections [Perini et al. 2001] . The frequency of administration is also a factor; more frequent administration induces a higher incidence of antibodies [Ross et al. 2000 ].
The effect of the size of the single dose is unclear. In the PRISMS study IFN--1a s.c. 44 mg appeared less immunogenic than IFN--1a s.c. 22 mg [PRISMS Study Group, 1998 ], whereas the opposite was seen in the OWIMS study [Freedman et al. 2005] . No effect on antibody frequency was observed with two different doses of IFN--1b (1.6 and 8 MIU) [Duquette et al. 1993 ]. An increase in NAb frequency was seen with 60 mg vs 30 mg of IFN--1a i.m. [Clanet et al. 2002] .
In vitro, two different classes of antibodies, binding and neutralizing antibodies, are recognized according to the assay used to identify them. Binding antibodies (BAbs) bind to the IFNmolecule and may or may not interfere with its functions. NAbs interfere with functions of the IFN-molecule in vitro, most likely by preventing binding of IFN-to the IFN receptor (IFNAR) on cells used in the assay and, thereby, inhibiting the functional activation of the receptor. BAbs can be demonstrated in the majority of patients treated with an IFN-preparation, but only a smaller proportion of patients develop NAbs [Ross et al. 2000 ].
Antibodies were frequently bound to residues 1-12, 121-132, and 151-162; and antibodies bound to residues 1-12 and 151-162 were significantly more frequently NAbs. There was a positive correlation between NAb titers and titers against residues 1-12 [Gneiss et al. 2004a ].
It is a common concept that NAbs constitute a subgroup of BAbs that bind to epitopes in the vicinity of the IFNAR, although this has been challenged [Bendtzen, 2003] . When the large antibody IgG molecule with a molecular weight of 150,000 kD binds to IFN-with a molecular weight of approximately 20,000 kD, it is conceivable that the antibody would sterically interfere with IFN-binding/signaling. Early appearing antibodies are generally lowaffinity IgM and IgG antibodies, and the difference between BAbs and NAbs may be quantitative rather than qualitative, i.e., defined by differences in binding affinities rather than by differences in epitope specificities [Bendtzen, 2003] . Indeed, with the use of a sensitive assay for NAbs, the number of NAb-positive patients approaches the number of BAb-positive patients, suggesting that BAbs of reasonable affinities are always neutralizing (NAbs) if one uses sensitive in vitro assays [Bendtzen, 2003; Ross et al. 2000 ]. Interestingly, BAbs and in vitro neutralizing activity in the serum may be present even months before a patient is classified as NAb-positive. These low affinity in vitro NAbs bind reversibly and may protect the IFN-molecule from degradation and/or consumption, and thereby prolong the half-life of IFN-and enhance the effect of an IFN-injection. With prolonged therapy affinity maturation develops and the binding becomes irreversible and the anti-IFN-antibodies become in vivo neutralizing [Gneiss et al. 2006a] .
A minority of IFN--treated patients have a nonantibody mediated neutralizing activity, which competitively inhibits the bioactivity both in vitro and in vivo [Gilli et al. 2007 ]. This neutralizing activity has been shown to be mediated by circulating soluble IFN receptors (sIFNAR). Using traditional assays these patients will be NAb-positive, but BAb-negative [Gilli et al. 2006a] . Interestingly, sIFNAR levels were higher in NAb-negative MS patients compared with controls [Chadha et al. 2006 ].
Traditionally, a titer of 20 NU/ml, measured with the Kawade titration method (TRU/ ml ¼ ten times reduction units per ml) [Grossberg et al. 2001a, b] , has been used as cut-off for NAb positivity. This cut-off value, however, is somewhat arbitrary, and measurements of MxA induction have shown that NAb titers between 10 and 20 NU/ml have an impact on MxA production in the in vitro assay [Deisenhammer et al. 1999] . The sensitivity of the assay chosen for measurements of NAbs has profound influence on the proportion of patients that are classified as NAb-positive [Ross et al. 2000 ]. The assays vary with respect to the cell line, the virus, the IFN-preparation, the amount of IFN-added, and the incubation time. Both in CPE assays and MxA induction assays, changes in the amount of IFN-added to the assay and the chosen cut-off value for definition of a positive sample can produce proportions of NAb-positive patients that differ two-or threefold [Ross et al. 2000 ]. Not surprisingly the reported frequencies and titers of anti-IFN-antibodies therefore vary considerably from trial to trial ( Figure 1 ) [Panitch et al. 2004; Clanet et al. 2002; Durelli et al. 2002; Panitch et al. 2002; SPECTRIMS, 2001; PRISMS Study Group, 1998 ; European Study Group on interferon beta-1b in secondary progressive MS, 1998; Jacobs et al. 1996; Duquette et al. 1993] .
It is generally agreed that the frequency of NAbs is significantly less in patients treated with IFN--1a i.m. compared with patients treated with IFN--1b s.c. or IFN--1a s.c. [Minagara and Murray, 2008; Prince et al. 2007; Sominanda et al. 2007; Sorensen et al. 2003; Ross et al. 2000 ]. However, a new formulation of IFN--1a s.c. has reduced the immunogenicity. In animal experiments in mice the new formulation, on a gram-for-gram basis, appeared less immunogenic than the older formulation or IFN--1a i.m. [Bellomi et al. 2007 ]. In a clinical trial with the new formulation of IFN--1a s.c in humans, the frequency of NAbs was reduced compared with the older formulation , although not to the levels seen with IFN--1a i.m.
The NAb titers from IFN--1a-treated patients seem to be higher than those from IFN--1b-treated patients [Sominanda et al. 2007; Gneiss et al. 2006b ].
So far it is impossible on the basis of clinical data to identify patients who eventually develop binding and neutralizing antibodies. However, an association was observed between NAb development and the MHC class II allele DRB1*0701 [Barbosa et al. 2006 ]. Recently, it was shown that the presence of autoreactive antibodies, i.e., antiphospholipid antibodies and anti-thyroid peroxidase antibodies, was associated with occurrence of BAbs during IFN-treatment [Garg et al. 2007 ].
The most dramatic effect of antibodies is seen in cases in which the antibodies interfere with the effect of endogenous hormones. This has been observed with the use of erythropoietinalpha (EPO) in patients with chronic renal failure, where several cases of pure red cell aplasia have been reported [Casadevall et al. 2002] .
Recently, a case of a rare variant of malignant melanoma was reported in a patient who had been NAb-positive for several years, and it was hypothesized that persistent NAbs could be the associated potential for adverse effects resulting from the suppression of endogenous IFN-activity [Gibbs et al. 2008 ]. Otherwise, harmful effects have not been reported in patients with NAbs against IFN-. This can, at least partly, be explained by an overlapping function of IFN-and IFN-, and as antibodies raised against IFN-do not cross-react with IFN-, IFN-can substitute for IFN-. Further, the effect of IFN-is exerted locally by autocrine or paracrine secretion and does not require transport in the blood to target organs with exposure to circulating NAbs.
Measurements of anti-IFN-b antibodies
Because assays for NAb detection usually are cumbersome many laboratories use a simpler binding assay for screening purposes and only BAb-positive samples are analyzed by the NAb assay.
Binding antibodies
BAbs can be measured with ELISA, Western Blotting, and radio-immunoprecipitation or affinity chromatography assays. The ELISA methods comprise direct binding assays (dELISA), i.e., direct coating of test wells with IFN-and capture assays (cELISA), i.e., coating of test wells with a capture anti-IFN-antibody [Smith et al. 1997; Friedman et al. 1996 ]. In general ELISA titers correlated only weakly with NAb titers, but BAb-negative samples measured by ELISA reliably predict NAb-negativity apart from the few patients with neutralizing activity caused by non-antibody mediated neutralizing activity [Gilli et al. 2007] . cELISA is superior to dELISA with respect to specificity for NAbs and the correlation between the BAb and NAb titers.
The Western Blot method does not allow calculation of BAb titers [Thompson et al. 1992 ]. The advantage of affinity chromatography [Wood et al. 1995] and radio-immunoprecipitation assay [Freeman et al. 1997 ] is that the antigen is in solution, and therefore no epitopes are obscured by binding to a solid phase.
Neutralizing antibodies
The principle in NAb in vitro assays is the utilization of cultured cell lines that are responsive to IFN-. Test samples are incubated with IFNprior to addition of the cells. If the test samples contain NAbs, receptor activation is blocked and antiviral proteins will not be induced. One type of assay measures the capacity of NAbs in the patient's serum to neutralize IFN-'s protective effect on cells challenged with virus, i.e., the cytopathic effect assay (CPE) [Grossberg et al. 2001a, b; Bansil et al. 1996; Wood et al. 1995] . The MxA induction assay measures the ability of NAbs in the patients serum to reduce the IFN--induced expression of a specific IFN marker, MxA, either at the mRNA Pachner et al. 2003a] or the protein level [Kob et al. 2003; Deisenhammer et al. 1999; Pungor et al. 1998 ]. A titer of 20 NU/ml, measured with the Kawade titration method (TRU/ ml) [Grossberg et al. 2001a, b] , has traditionally been used as cut-off for NAb positivity.
A comparison of the assays indicated that MxA mRNA may be the most sensitive assay to detect lower concentrations of NAbs McKay et al. 2006 ].
Titers were three-to fivefold higher [Files et al. 2007 ] and positive samples were more frequently found [Massart et al. 2008 ] with use of IFN--1a than with use of IFN--1b for assaying the same samples.
Currently, a promising luciferase assay uses human fibrosarcoma cells, which have been stably transfected with a luciferase reporter gene cassette. When the IFN-molecule binds to its receptor it activates a transcellular signaling mechanism and causes transcription of the luciferase gene. The amount of luciferase induced can be quantified in terms of luminescent counts per second. In the presence of NAbs the response is blocked [Farrell and Giovannoni, 2007] .
Occurrence of IFN-b antibodies
Antibodies binding to IFN-can be detected in the blood already 3-6 months after initiation of IFN-treatment and are present with different frequencies depending on the IFN-preparation [Ross et al. , 2000 . Low concentrations of NAbs can also be detected in vitro with sensitive assay after six months [Ross et al. 2000 ], whereas clinically relevant NAbs usually develop between 9 and 18 months after start of IFN-therapy ( Figure 2 ).
Patients who have been persistently NAbnegative during the first two years of IFN-therapy only rarely become NAb-positive [Sorensen et al. 2005b] . NAbs develop faster with IFN--1b s.c. than with IFN--1a s.c., but after twelve months the proportions of NAb-positive patients treated with IFN--1b s.c. and IFN--1a s.c were similar [Ross et al. , 2000 .
Add-on therapy with methylprednisolone administered monthly intravenously (i.v.) reduced the frequency of patients that had developed NAbs after twelve months, but did not reduce the proportion of NAb-positive patients with titers above 100 NU/ml [Pozzilli et al. 2002] . Combination of IFN-with an immunosuppressive agent have shown inconsistent results [Calabresi et al. 2002; Fernandez et al. 2002] .
Disappearance of neutralizing antibodies
In some NAb-positive patients, NAbs may subsequently disappear during continuous therapy with IFN-. Of the two preparations associated with high frequency of NAbs, this happens in a significantly higher proportion of patients treated with IFN--1b than in patients treated with IFN--1a s.c. [Sorensen et al. 2005b] . Approximately 50% of all NAb-positive patients treated with IFN--1b had reverted to NAb-negative status four years after they had become NAb positive [Sorensen et al. 2005b] , and after reversion to the NAb-negative state patients regained the full effect of IFN--1b therapy with no negative carry-over effect from the previous NAb-positive period [Sorensen et al. 2008 ].
The literature furthermore shows, that reversion of NAb status largely depends on the titer [Bellomi et al. 2003 ]. Patients with low NAb titers (5100 NU/ml) are likely to revert to NAb negativity, whereas patients with titers above 500 NU/ml rarely become NAb negative within a time span of 2-3 years [Herndon et al. 2005; Gneiss et al. 2004b; Rice et al. 1999] .
No certain explanation exists for the observed difference in the proportion of patients treated with IFN--1b and IFN--1a s.c that revert to NAb-negative status, although differences in titers may play a role. One hypothesis is that while the breakdown of immune tolerance responsible for development of NAbs seems to occur faster with injection of higher protein amounts with IFN--1b s.c., continued treatment with the same high protein load per injection might be more prone to re-establish the immune tolerance. Indeed, an increase in the dose of IFN--1b seemed to be followed by an earlier decrease in NAbs [Durelli et al. 2006 ]. Data from NAb-positive patients who discontinued therapy indicate that NAbs may persist for long periods after cessation of treatment [Petersen et al. 2006 ]. In a follow-up study of 29 IFN--treated patients, who were NAb positive at termination of therapy, only three patients reverted to a NAb-negative status during a mean follow-up time of 22 months. Of these, two had a titer below 200 NU/ml and one patient a titer of 600 NU/ml at the last examination before treatment stop. In some patients the NAb titer even increased after cessation of IFNtherapy. The longest post-treatment follow-up during which a patient maintained NAb positivity was 59 months [Petersen et al. 2006 ]. In a study of 77 NAb-positive patients 21 patients seroconverted during continued IFN-therapy, almost exclusively patients with low NAb titers (5100 TRU), whereas patients who changed therapy usually remained NAb-positive . The reason for the maintenance of high NAb titers after cessation of IFN-therapy is mainly unknown. One explanation could be long-lived plasma cells. Another possible explanation is that recombinant IFN-cross-react with wild-type IFN-, and it is therefore conceivable that NAb-producing B-lymphocytes are activated by intermittently produced natural IFN-, e.g., during viral infections.
When NAbs have developed it is difficult to make patients revert to a NAb-negative state. Recently, data suggested that increasing the dosage of IFN--1b decreased or reverted the NAb titer to negative in NAb-positive patients in accordance with the hypothesis that higher frequent dosage might lead to suppression of NAbs [Durelli et al. 2006 Plasmapheresis and immunoglobulins (IgG) might be considered as possible procedures to diminish NAb generation. However, IgG and plasmapheresis do not affect memory plasma cells [Rudick and Goodkin, 1999] , and although the treatment may be useful in eliminating circulating NAbs, it would not be expected to impede the production of NAbs once it is triggered.
A possible strategy to overcome loss of IFNbioactivity associated with NAbs could be i.v. injections of IFN--1b, but it is still unknown whether repeated i.v. application might accelerate induction of tolerance and reversion to NAbnegative status [Millonig et al. 2007 ].
Effect of neutralizing antibodies on the bioactivity of IFN-b
Both IFN-and IFN-bind to the same twosubunit cell-surface receptor and stimulation of the receptor results in induction or reduction of expression of a large number of genes [Sellebjerg et al. 2008; Weinstock-Guttman et al. 2003 ]. The bioactivity of IFN-can therefore be studied by measuring a number of IFN--induced gene products including the Myxovirus resistance protein (Mx) family (e.g., MxA and MxB) [Pachner et al. 2003a; Deisenhammer et al. 2000 ], 2-microglobulin ], neopterin [Cook et al. 2001 ], 2 0 ,5 0 oligoadenylate synthase (2,5 OAS) [Pachner et al. 2003a] , major histocompatability complex (MHC) class I molecules, Stat-1, and tumor necrosis factorrelated apoptosis-inducing ligand (TRAIL) [Gilli et al. 2006b; Santos et al. 2006; Wandinger et al. 2003 ].
In order to clearly reflect a response to IFN-the chosen biomarker needs to be specific for IFNand furthermore the induction needs to be of a certain magnitude. Among all tested IFNinduced genes so far, MxA has proven to be one of the most reliable markers of the in vivo bioactivity of IFN- [Gilli et al. 2006b; Pachner et al. 2006 ]. Up-regulation of MxA could be shown in all patients after the first IFN-injection indicating that abolition of the biological activity detected during IFN-therapy is due to an induced underlying cause, e.g., NAbs .
Several studies have reported that in NAbpositive patients, especially those with high titers, the MxA response decreases to baseline levels indicating that NAbs abrogate the bioactivity of IFN- [Santos et al. 2006; Pachner et al. 2005; Bertolotto et al. 2003; Pachner et al. 2003a; Deisenhammer et al. 1999 ].
However, the blocking of IFN-inducible genes by NAbs is not an all-or-nothing phenomenon. Rudick et al. showed that already with titers between 5 and 20, in vivo neopterin induction was progressively attenuated, and the effect was highly significant at titers !20. Also serum 2-microglobulin levels were significantly reduced in subjects with NAb titers 5-19 and in subjects with Nabs !20 (p ¼ 0.04 and 0.02, respectively) [Rudick et al. 1998 ]. Decreased serum neopterin concentrations have been shown to be associated with high levels of NAbs compared to low levels [Cook et al. 2001] . Using an in vitro MxA induction assay to measure NAbs and mRNA MxA assessment of IFN-bioactivity, Sominanda et al. [2008] found that patients with NAb titers of up to 150 TRU/ml still had retained IFN-bioactivity, whereas profoundly reduced levels of IFN-bioactivity were found in patients with NAbs of 150-600 TRU/ml, and titers above 600 TRU/ml were associated with loss of IFN-bioactivity [Sominanda et al. 2008] .
Whereas NAbs in high titers completely abrogated the in vivo response to IFN-, the effect of low and intermediate titers on bioactivity was unpredictable; the correlation between NAb titers and expression of three different IFN-induced genes was poor in low-level NAbpositive patients [Pachner et al. 2006 ].
Using measurements of neopterin and 2-microglobulin blood levels to assess the in vivo biological response to IFN-, it was shown that whereas all NAb-negative patients had a biological response and all high level NAbpositive patients had no response, the response in low level NAb-positive patients varied: one third had a full response, one third a partial, and one third no response ]. An inverse correlation was found between NAb titers and the biomarkers neopterin, 2-microglobulin and MxA mRNA [Scagnolari et al. 2007 ].
Side-effects to IFN-was to some degree a biomarker for IFN-bioactivity, significantly associated with NAb-negative status .
Clinical implications of neutralizing antibodies
There is emerging agreement that NAbs are correlated with reduced therapeutic efficacy of IFN- [Giovannoni and Goodman, 2005; Pachner et al. 2003b] . Previous uncertainty can be ascribed to negligence of the fact that clinically relevant NAbs usually do not appear until 9-18 months after initiation of IFN-therapy, and that early low-affinity NAbs present 6-12 months after start of therapy may even enhance the effect of IFN- (Figure 2) , which increases the risk of overlooking the detrimental effect of NAbs, when data of only the two first years of treatment are analyzed .
There are three different ways of assessing NAb positivity: (1) The 'anytime positive, always positive' method classifies patients as NAb positive based on one single NAb-positive sample, and only patients without a single NAb-positive sample throughout the study period are classified as NAb negative. The various outcomes in the two groups have then been calculated over the entire course of the trial. This method will inevitably underestimate the effect of NAbs because any false-positive test will classify the patient as NAb positive, and in studies of two years or less because NAbs usually develop between month 9 and 18 after initiation of treatment. (2) The 'once positive, always positive' method counts only observations after the patient has become NAb positive. Further, this method usually requires that the patient has had two consecutive positive samples before the patient is classified as NAb positive in order to eliminate fluctuating patients from the final NAb-positive group. (3) The 'interval analysis' or 'all switches considered' method counts all events in the interval from a NAb-negative or a NAb-positive sample until the next sampling (usually at 6 month intervals) and assign them to the NAb-negative or the NAb-positive status, respectively. None of the methods take into consideration that the clinical impact of NAbs may be delayed until some time after the development of NAbs (Figure 3) .
A major problem in many trials is that grouping of patients according to both their treatment arm and NAb status produces small patient groups, and lack of statistical power leads to false-negative results, i.e., a type-II error.
In summary, whatever method of defining NAb positivity is applied, the effect of NAbs will tend to be underestimated.
Overall, the duration of a trial is by far the most crucial criterion for deciding whether a study is suitable for evaluation of the clinical impact of NAbs, and only trials of sufficient duration (!3 years) and blind evaluation of NAb status are suitable for evaluation of the clinical consequences of NAbs. Table 1 gives an overview of the large clinical trials with blind NAb evaluation of three years or more duration.
Effect of NAbs on relapses
The pivotal trial of IFN--1b s.c. included 372 patients with relapsing-remitting MS (RRMS) treated with IFN--1b 1.6 MIU or 8 MIU or placebo every other day for three years [Duquette et al. 1993] . Applying the 'anytime positive, always positive' method for defining NAb positivity, 11% in the placebo group, 47% in the 1.6 MIU IFN--1b group, and 45% in the 8 MIU IFN--1b group developed NAbs. The annual relapse rate was significantly higher in NAb-positive patients compared with NAbnegative patients ( p50.001). In fact, during the period from 13 to 36 months after start of treatment the relapse rate was 0.56 in NAb-negative patients compared to 1.08 in NAb-positive patients treated with 8 MIU, the latter not different from the relapse rate of 1.06 in placebotreated patients. A re-analysis of the study was performed using both the 'once positive, always positive' definition and the 'interval analysis' method and although the difference in relapse rates between NAb-positive and NAb-negative patients were diminished the analysis still showed higher relapse rates in the NAbpositive compared to the NAb-negative patients [Petkau et al. 2004; Duquette et al. 1996 ].
In the pivotal phase III placebo-controlled trial of IFN--1a i.m. 30 mg weekly for up to two years, there was no significant difference in relapse rate and progression between NAb-positive and NAbnegative patients [ Jacobs et al. 2000; Rudick et al. 1998 ].
The PRISMS study compared IFN--1a 22 mg, 44 mg or placebo three times weekly for two years in 560 patients [PRISMS Study Group, 1998 ]. NAb-positive patients were defined using the 'anytime positive, always positive' method. No significant differences in the relapse rate or progression were seen over the two years study duration between NAb-positive and NAb-negative patients. However, in the extension phase of this study, PRISMS-4, NAbs caused a clear reduction in the efficacy on relapses in the third and the fourth year [PRISMS Study Group, 2001] . A re-analysis employing both the 'anytime positive, always positive' method and the 'interval analysis' method confirmed the negative effects of NAb development ].
The European secondary progressive MS study comprised 718 patients treated for three years with either IFN--1b 8 MIU s.c. every other day or placebo. Using the 'once positive, always positive' method NAb positive patients had a significant 45% increase in relapse rates ( p ¼ 0.009), but only a marginal significant effect ( p ¼ 0.07) of increase when the 'interval analysis' method was applied. Higher titers seemed to reduce the treatment effect more [Polman et al. 2003b ].
The North American Placebo Control Randomized Study of IFN--1b in secondary progressive MS patients for three years showed a significant higher relapse rate in NAb-positive patients [Panitch et al. 2004] .
The SPECTRIMS study of IFN--1a s.c. was the only study in secondary progressive MS that did not show a statistically significant impact of NAbs on the relapse rate [SPECTRIMS, 2001] .
A study of comparing IFN--1a i.m. 30 mg vs 60 mg once weekly for four years showed that NAb-positive patients had significantly higher relapse rate compared to NAb-negative patients ( p ¼ 0.04) [Kappos et al. 2005 ].
The INCOMIN study, an open randomized study that compared IFN--1b 8 MIU s.c. every other day with IFN--1a 30 mg i.m. weekly did not include a comparison between NAb-positive and NAb-negative patients in the IFN--1b arm. À ,outcome better in the NAb-positive group than in the NAb-negative group.
ND ,not done. Statistical significance is given in parentheses (ns ,not significant; *p50.05; **p50.01; ***p50.001).
An unselected comparative trial comprising a large sample of all Danish patients treated with an IFN-preparation comprised 541 patients with relapsing remitting MS. Testing of NAbs was performed blindly without routinely reporting the results of NAb tests to the treating physicians. Patients were followed for up to 60 months and the effect of NAbs was assessed using the 'interval analysis' method. In NAb-positive periods the annual relapse rate increased more than 50% compared with NAb-negative periods, and the time to the first relapse and the proportion of relapse-free patients were significantly lower in NAb-negative patients [Sorensen et al. 2003 ].
In a retrospective trial 262 patients had been treated with an IFN-preparation for more than three years. During the first two years of treatment, the relapse rate appeared to be unaffected by the subsequent NAb status. However, the relapse rates in the NAb-positive patients were significantly greater than in the NAbnegative patients during years three ( p50.010) and four ( p50.027) [Boz et al. 2007] .
In a study based on rates of NAb-positive patients in tests submitted to laboratories in Australia, Europe and North America it was concluded that NAbs were not an important factor in worsening of disease. In Australia where testing was mandatory for all patients, 37% of all tests were positive, whereas rates were lower in Europe (27.6%) and North America (21.3%) where testing was discretionary. Without having access to all relevant clinical data the authors assumed that all discretionary testing was prompted by treatment failure, which is a scientifically inadmissible conclusion [Goodin et al. 2007b ].
Effect of NAbs on disease progression
None of the pivotal trials in relapsing-remitting MS showed an effect of NAbs on disease progression and neither did any of the trials in secondary progressive MS [Polman et al. 2003c; SPECTRIMS, 2001; PRISMS Study Group, 1998; Rudick et al. 1998; Duquette et al. 1996; Jacobs et al. 1996 ]. However, all the trials were underpowered to show an effect of NAbs because IFN-by itself had no or only marginal effect on disease progression. Also the Danish study showed only a trend toward more progression in NAb-positive patients [Sorensen et al. 2003 ].
The IFN--1a i.m. 30 mg vs 60 mg dose comparison study with a duration of four years showed the negative effect of NAbs on disease progression. Despite that only 1.8% of patients receiving 30 mg and 4.8% of patients receiving 60 mg IFN--1a became NAb positive, NAb positive patients had a higher rate of mean change in expanded disability status scale (EDSS) from baseline to month 48 compared with NAb-negative patients (p ¼ 0.01) [Kappos et al. 2005] .
In a study comparing IFN--1a i.m. 30 mg weekly and IFN--1a s.c. 44 mg three times weekly for up to five years significantly more NAb-positive patients compared with NAb-negative patients had disability progression [Minagara and Murray, 2008] .
The presence of NAbs was associated with a higher risk of developing disability during the subsequent five years in a long-term follow-up study of 68 patients receiving IFN- [Tomassini et al. 2006 ], and in a study of 78 patients followed for three years a higher proportion of 13 persistently NAb-positive patients worsened one or more points on EDSS compared with NAb-negative patients (p ¼ 0.013) [Malucchi et al. 2004 ].
Effect of NAbs on disease activity measured on magnetic resonance imaging (MRI) All trials have shown an effect of NAbs on disease activity, measured on MRI as gadolinium positive lesions or new T2-lesions, or MRI disease severity measured as T2-lesion load (Table 1 ).
In the pivotal trial of IFN--1b s.c. the mean number of new and enlarging T2-lesions was significantly larger in NAb-positive compared with NAb-negative patients [Paty and Li, 1993] .
The pivotal phase III placebo-controlled trial of IFN--1a i.m. reported a strong trend towards more gadolinium-enhancing lesion in NAbpositive patients (p ¼ 0.062) [Rudick et al. 1998; Jacobs et al. 1996] .
A negative effect of NAbs could be observed in some MRI endpoints in the two-year PRISMS study [PRISMS Study Group, 1998] , and NAbs caused a clear reduction in efficacy in MRI endpoints in the third and the fourth year [PRISMS Study Group, 2001 ].
In the European secondary progressive MS study, NAb-positive patients showed a higher percentage increase from baseline in T2-lesion volume compared with NAb-negative patients ( p ¼ 0.0004) [Polman et al. 2003a ].
Although 48 weeks was far too short to provide an estimate of the negative effects of NAbs, the EVIDENCE trial comparing IFN--1a 44 mg s.c. with IFN--1a 30 mg i.m. showed higher MRI activity in NAb-positive compared to NAbnegative patients [Panitch et al. 2002] .
The comparative study of IFN--1a i.m. 30 mg vs 60 mg once weekly for four years showed that disease activity measured on MRI either as gadolinium-positive lesions or new T2-lesions was negatively affected by NAbs [Kappos et al. 2005] .
A three-year open follow-up study of 30 patients treated with IFN--1b for relapsing-remitting MS showed that NAb-positive patients had significantly more gadolinium-positive lesions and a higher T2-lesion load compared to NAb-negative patients [Frank et al. 2004] . It is not known exactly at which NAb titer antibody-mediated decreased bioactivity becomes significant and it is not known how much the bioactivity should be decreased before all beneficial effects of IFN-are abrogated. However, there is substantial evidence indicating that high titers (4200 NU/ml with IFN--1b and 4500 NU/ml with IFN--1a) are associated with abrogation or profound reduction in the effect of IFN-. Persistent high titers should imply discontinuation of IFN-therapy. A commonly adduced argument is that even in patients with persistently high NAb titers, treatment decisions should be guided by disease activity and not by NAb titers and, if NAb-positive patients are doing well, there is no need for change of therapy. This is, however, a misperception. Patients with high titers do not any longer receive a biologically active MS therapy and IFNshould be discontinued irrespectively of the disease activity. At best, continued therapy is a waste of money and at worst, patients may experience a severely disabling relapse. The course of MS is unpredictable and even untreated patients may do well for long periods. Further, NAbs are only one among other causes of failure to IFN-therapy. The response to IFN-therapy is heterogeneous. Some patients are constitutive nonresponders and fail IFNtherapy with absence of NAbs. Hence, some patients with high titers of NAb will do well because they have a benign course while other NAb-negative patients will experience severe disease activity [Chiu et al. 2007 ]. However, such observations do not change the fact that with high NAb titers the therapeutic response to IFN-is abolished.
Implications for clinical practice
Another argument for continued IFN-therapy in NAb-positive patients has been that patients may revert to the NAb-negative state during continued therapy with IFN-. However, patients with high titers usually remain NAb-positive for several years [Sorensen et al. 2005b] . As other therapies are available and patients with high titers are without protection from therapy IFN-should always be discontinued and patients offered an alternative therapy, when NAbs are present persistently in high titres.
For many reasons it is not possible to define a cut-off titer above which NAbs severely reduce or abolish the therapeutic effect of IFN-. Low and medium titers are ambiguous and their relevance should be checked by measurement of the in vivo bioactivity of IFN-. Measurement of mRNA MxA induction after an IFN-injection is a reliable method for determination of IFNbioactivity, and treatment decisions should be guided by determination of mRNA MxA induction. If the IFN-response is absent the patient is prone to become an antibody-mediated nonresponder, and the possibility of change of therapy should be discussed with the patient. There will, however, be a small number of patients with low NAb titers and indeterminate IFN-bioactivity, and as NAb-positive patients with low titers may revert to NAb-negative status, the strategy in patients with low NAb titers and indeterminate IFN-bioactivity should be to repeat measurements, observe the clinical course, and let treatment decisions be guided by observations of the disease activity.
Future directions
The Neutralizing Antibodies on Interferon-Beta in Multiple Sclerosis (NABINMS) project is a specific targeted research project established by the European Commission under its 6th Framework Programme. It involves collaboration between a large number of MS centres and research laboratories with industrial associates. The aims of the NABINMS project are to develop new standardized assays for measurements of NAbs, to optimize bioactivity markers and to determine when and how to manage antibody-mediated decreased bioactivity so that clinical sequelae due to NAbs can be avoided. It is the hope that the results achieved by the efforts of this collaboration could contribute to solve the disparity in opinions between European neurologists and their North American colleagues and that common guidelines on the use of measurements of NAb could be established for the benefit of MS patients.
